Background-We have observed that elevated mitral gradients can develop in some patients after mitral valve repair for degenerative mitral regurgitation. Methods and Results-We screened 275 patients who had mitral valve repair involving >1 leaflet scallop between October 2001 and July 2010. Mitral valve hemodynamics were assessed at rest and at peak exercise using the cycle ergometer. B-type natriuretic peptide levels were measured at rest and after exercise. The patients also performed a 6-minute walk test and short-form 36-Item Health Survey questionnaire. We enrolled 110 patients, with resting mean mitral diastolic gradient of ≤3 mm Hg in 35 patients (group 1) and >3 mm Hg indicative of elevated mitral gradients in 75 patients (group 2). Posterior mitral leaflet plication (P=0.04) and the use of a complete mitral annuloplasty ring (P<0.0001) were associated with elevated mitral gradients. Group 2 patients had larger left atrial volume (P=0.02), higher mitral gradients at peak exercise and higher pulmonary artery systolic pressure at rest and at peak exercise, and lower exercise capacity (101±40 versus 122±51 W; P=0.02). Group 2 patients also had higher B-type natriuretic peptide levels and lower scores in 3 short-form 36-Item Health Survey health concepts. Multivariate regression analyses showed that mitral valve area was an independent predictor of maximum exercise capacity (P=0.003). Conclusions-After mitral valve repair for degenerative mitral regurgitation, elevated mitral gradients is not uncommon and is associated with worse intracardiac hemodynamics, higher B-type natriuretic peptide levels, lower exercise capacity, and poorer quality of life. Further refinement in the surgical technique may reduce the incidence of this complication. (Circ Cardiovasc Imaging. 2013;6:1041-1047.)
M itral regurgitation (MR) is the most common valvular dysfunction, affecting the general population and its prevalence increases with age. 1 The most common cause for primary MR is degenerative/myxomatous mitral valve (MV) disease. 2 In patients with severe MR caused by degenerative MV disease, the treatment of choice is MV repair that avoids the complications associated with prosthetic valves and may provide a better long-term survival compared with MV replacement. [3] [4] [5] [6] [7] [8] [9] The procedure of MV repair consists of correction of the specific component of the MV apparatus responsible for the abnormal coaptation, leading to MR and remodeling of the mitral annulus by an annular ring or band. Resection of redundant leaflet tissue particularly involving the posterior mitral leaflet can involve more than one third of the leaflet, resulting in a significant reduction of the leaflet area and restricted excursion of the posterior mitral leaflet. [9] [10] [11] [12] 
Clinical Perspective on p 1047
We hypothesize that MV repair involving more extensive tissue resection could result in elevated mitral gradients (EMG) consistent with functional mitral stenosis (MS) which in turn could affect the patient's functional capacity and quality of life. The objectives of the present study were to assess the prevalence and functional significance of EMG after MV repair for degenerative MR by a comprehensive evaluation of resting and exercise MV hemodynamics, exercise capacity, and personal well being.
Methods

Patient Population
From October 2001 to July 2010, MV repair was performed in 455 patients by a single surgeon for severe MR because of myxomatous degeneration of the MV. Of these patients, 275 patients (60%) had excess of MV tissue involving >1 leaflet scallop and were screened for enrollment into the study, as it was our hypothesis that functional MS may be more prevalent in this subset of patients who required more aggressive tissue resection. The patients were recruited and studied between December 2009 and April 2011. Patients who had residual MR greater than mild in severity after MV repair were excluded. We also excluded hospitalized patients, patients with prior myocardial infarction, left ventricular dysfunctionl with ejection fraction <40%, concomitant aortic valve disease with more than mild stenosis or regurgitation, and inability to perform bicycle exercise test. The patients underwent exercise echocardiography using the supine bicycle protocol to assess exercise capacity and intracardiac hemodynamics, including MV diastolic gradients, severity of MR, and pulmonary artery systolic pressure at rest and peak exercise. The 6-minute walk test was performed to provide an additional assessment of the functional capacity. 13, 14 B-type natriuretic peptide (BNP) levels at rest and after exercise were measured. The short-form 36-Item Health Survey (SF36) questionnaire was completed by all patients to measure their functional health status. The study protocol was reviewed and approved by the Research Ethics Board, and informed consent was obtained from all patients.
Resting Echocardiographic Measurements
The echocardiographic measurements were obtained in accordance with the guidelines of the American Society of Echocardiography. 15 The left ventricular ejection fraction was calculated using the modified Simpson rule.
Supine Bicycle Exercise Echocardiography
The patients were securely positioned on a supine tilting cycle ergometer table that allowed ≤40° tilt. The patient pedaled at a steady state against a fixed resistance. After an initial workload of 25 W maintained for 2 minutes, the workload was increased stepwise by 25 W for every 2 minutes. This was a symptom-limited exercise test, and the patients were encouraged to exercise to exhaustion.
MV Hemodynamics
The MV hemodynamics were measured by Doppler at rest and at peak exercise. The peak and mean transmitral pressure gradients were calculated using the modified Bernoulli equation, and the MV area was calculated by the continuity equation by dividing the left ventricular outflow tract stroke volume by the integral of the diastolic mitral transvalvular velocity. 16 The pulmonary systolic pressure was calculated on the basis of the tricuspid regurgitant velocity and the estimated right atrial pressure. 17 Severity of MR was assessed according to the published guidelines. 18 We studied 20 patients with no structural heart disease who were referred for echocardiograms. None had more than mild MR. They were matched for age (60.0±4.3 years) and sex (14 men and 6 women), and they also had similar resting heart rate (72.0±12.5 bpm) compared with the study patients. The resting mitral mean diastolic gradient was 1.24±0.52 mm Hg (range, 0.62-2.70 mm Hg). Thus, in the analysis of MV repair patients, a resting mitral diastolic gradient of >3 mm Hg was used to indicate the presence of EMG.
Six-Minute Walk Test
The 6-minute walk test was performed on the same day as the exercise echocardiogram after the patients rested for ≥1 hour. 13, 14 
B-Type Natriuretic Peptide
Fasting blood samples were drawn to measure BNP on the day of the exercise echocardiogram. The measurement was based on the rapid ELISA using the Biosite Triage kits. To assess the effect of exercise on BNP, a second blood level was measured 15 minutes after the exercise echocardiogram.
SF36 Questionnaire
Health-related quality of life assessment was performed using the Medical Outcome Trust SF36 that has well-established psychometric properties and has been shown to have high reliability and validity. 19 
Statistical Analysis
Descriptive statistics were used to summarize data: categorical data were described using frequencies and percentages with comparative evaluations performed via the χ 2 test or Fisher exact test for frequency <5; continuous variables were presented as mean±SD, and comparisons of continuous variables were performed using the Student t test for normally distributed data and the Wilcoxon rank-sum test to adjust for skewed distributions. In addition, when applicable, 1-way ANOVA testing were used to assess intergroup variations with the maximum experimentwise error rate being controlled by a t test with Bonferroni correction or the Kruskal-Wallis nonparametric analogue test when the assumption of normality for an ANOVA was not met. All exploratory correlation analyses were performed using the Pearson (r) and Spearman (r s ) correlation coefficients. In addition to hypothesis-generating exploratory correlations to determine the interaction of patient characteristics and exercise capacity, multivariable regression models were constructed, while controlling for EMG functional MS, to explore possible factorial associations. All significant covariates were entered into a multivariable logistic regression model in a forward stepwise manner with a liberal entry criterion of P<0.15 and a stay criterion of P<0.05. Model goodness of fit was assessed using χ 2 statistics and the Hosmer-Lemeshow test. Statistical significance was set at P<0.05. All analyses were performed using the SAS statistical software (SAS version 9.1; SAS, Cary, NC).
Results
Baseline Patient Characteristics
We screened 275 patients and enrolled 110 (40.0%) patients into the study. The reasons for exclusions are shown in Table 1 . One main reason for exclusion was that our institute is a tertiary referral center and many patients did not reside in our region. Resting mitral mean diastolic gradient of ≤3 mm Hg was present in 35 patients (group 1) and >3 mm Hg in 75 patients (group 2). The time interval since surgery was 4.2±2.3 years and was shorter in group 1 patients (P=0.0002). There were no statistically significant differences between the 2 groups in demographics, including age, sex distribution, and body mass index ( Table 2) . Prolapse or flail involving the posterior mitral leaflet was the most common leaflet abnormality in both groups, whereas isolated anterior mitral leaflet abnormality was uncommon.
Techniques of MV Repair
The details of the repair are presented in Table 3 . Plication of the posterior mitral leaflet was performed in 8 group 2 patients (11%) but none in group 1 (P=0.04). All but 3 patients (97%) had annuloplasty with a posterior band or ring. Annular ring (mean size, 30.5±2.1 mm) was implanted in 41 (55%) of the group 2 patients but in only 1 group 1 patient (3%; P<0.001), whereas annular band was used in 32 group 1 patients and 33 group 2 patients with a trend for a smaller band size in group 2 (31.3±2.9 versus 30.0±2.5 mm; P=0.07). The Cox Maze procedure, tricuspid valve annuloplasty, and concomitant coronary bypass surgery were performed with similar frequencies in both groups. 
Resting Echocardiographic Data
The left ventricular dimensions and ejection fraction were normal and similar in both groups of patients (Table 4 ). Not surprisingly, the indexed left atrial volume was greater in group 2 patients than in group 1 patients (P=0.02).
MV Hemodynamics
The resting heart rate was higher in patients in group 2, but the heart rates at peak exercise were similar between the 2 groups. The calculated MV area was smaller in group 2 patients (Table 4 ). There were no statistically significant correlations between resting hemodynamics and clinical characteristics, including age, sex, and time duration since surgery. There were 29 patients with resting mean mitral gradient 5 to 10 mm Hg and 3 patients with resting gradient >10 mm Hg. The differences between the 2 groups in diastolic mitral gradients were magnified at peak exercise (P<0.0001). Mild MR was present in 20 patients (6 in group 1 and 14 in group 2; P=0.85), and only 4 patients in group 2 had an increase in MR severity by 1 grade from rest to peak exercise, including 3 patients from none to mild and 1 patient from mild to moderate MR. No patients had >1 grade increase in MR during exercise. The pulmonary artery systolic pressure remained higher in group 2 patients at rest and at peak exercise (P=0.02) and correlated with resting mean diastolic MV gradient (r=0.47; P<0.0001 and r=0.46; P<0.0001, respectively).
Functional Assessment
The bicycle exercise test showed that group 2 patients had lower exercise capacity with shorter exercise durations and lower Watts and METS (Table 5 ). However, there was no significant difference between the 2 groups in the 6-minute walk distance which is a submaximal exercise test. Both the baseline and postexercise BNP levels were higher in group 2 patients. The SF36 questionnaire showed significant differences between the 2 groups in 3 of the 8 domains: physical functioning, vitality, and general health ( Table 5 ).
Maximum exercise capacity in Watts correlated with age (r=−0.51; P<0.0001), MV mean diastolic gradient at rest (r=−0.23; P=0.015) and at peak exercise (r=−0.22; P=0.02), MV area (r=0.48; P<0.001), pulmonary artery systolic pressure at rest (r=−0.48; P<0.0001) and at peak exercise (r=−0.21; P=0.03), and BNP at rest (r=−0.54; P<0.0001) and after exercise (r=−0.45; P<0.0001). There was also association between maximum exercise capacity with sex (125±28 W in men and 68±40 W in women; P≤0.0001) and 2 of the SF36 component scales that were physical functioning (r=0.58; P<0.0001) and vitality (r=0.31, P=0.0001). Using multivariable regression analysis, we identified young age (P<0.0001), male sex (P<0.0001), MV area (P=0.003), BNP at rest (P=0.02), and Physical Functioning of SF36 (P=0.015) as independent predictors of better exercise capacity. Additional exploratory models controlling for EMG did not identify any additional clinical factors associated with exercise capacity.
Discussion
In the past 3 decades, MV repair has become the preferred surgical procedure in the treatment of patients with severe degenerative MR. [5] [6] [7] [20] [21] [22] The procedure frequently involves resection of a portion of the posterior mitral leaflet and some form of mitral annuloplasty to remodel the annulus and to support the leaflet repair. [10] [11] [12] These anatomic alterations suggest that some degree of MS may be a sequela after MV repair. The present study is the first study to assess patients systematically with more extensive myxomatous changes after MV repair for the development of EMG and showed a varying degree of MS ranging from mild to severe in many of these patients. Whether EMG of the magnitude reported in this study is indicative of MS may be controversial. However, EMG of similar magnitude after MV annuloplasty for ischemic MR has been reported in several recent studies. [23] [24] [25] [26] In 123 such patients, Williams et al 24 reported mean diastolic MV gradient >5 mm Hg in 54% and >8 mm Hg in 13% of patients, with only ≈10% of these patients having moderate or severe MR. The term functional MS was introduced in studies of patients who underwent surgical annuloplasty for ischemic MR. [23] [24] [25] [26] Kainuma et al 26 reported the presence of functional MS in 58 patients after surgical annuloplasty for ischemic MR and the mean diastolic mitral gradient was 2.9±1.1 mm Hg in their patients. Magne et al 23 and Kubota et al 25 also reported the ubiquitous presence of functional MS in similar patients, and both studies included a controlled group. In the study by Magne et al, 23 the 20 controls were patients with coronary artery disease and left ventricular dysfunction and the mean mitral gradient was 2±1 mm Hg, whereas the controls in the study by Kubota et al 25 were healthy individuals with normal left ventricular function and a mean mitral gradient of 0.6±0.2 mm Hg, in comparison with 6±2 and 3.5±2.7 mm Hg in the annuloplasty patients in the 2 studies, respectively. Complete rings were used with the average size being 24.7 mm in the study by Magne et al 23 and 28 .0 mm in the study by Kubota et al. 25 The mitral gradients in our controls are similar to that reported by Kubota et al. 25 Magne et al 23 reported that functional MS diagnosed by the presence of this low magnitude of EMG was associated with elevated pulmonary pressures and worse functional capacity. It is noteworthy that functional MS evidenced by EMG was present in the absence of leaflet abnormalities and even when the annuloplasty ring was not undersized. 25 Although MS in our patients was generally mild, moderate to severe MS can occur in some patients. The development of MS seems intrinsic to the repair procedure, as the increased mitral gradients are observed shortly after the procedure. This is different from the late and unusual occurrence of MS years after MV repair because of excessive fibrous tissue at the annular ring extending onto the leaflets. [27] [28] [29] As there are no prior studies on EMG in patients with MV repair for degenerative MR, we included a control group to establish the normal limits of MV gradients, even though the concept of functional MS has been developed in patients with surgical annuloplasty for ischemic MR showing that a mean diastolic mitral gradient of >3 mm Hg was likely abnormal. [23] [24] [25] [26] The data in our controls provided further evidence that mean diastolic mitral gradient of >3 mm Hg was abnormal and indicative of MS.
Clinical Significance of EMG
The functional significance of EMG in these patients has not been well recognized. 4, 5, 11 Before MV repair, many patients may have poor exercise endurance because of occult or overt heart failure as a result of severe MR. They would experience improvement in their symptoms after MV repair that drastically reduce MR, and thus may not recognize mild persistent limitation because of the presence of MS, which is mild in most instances. Furthermore, some of the patients are elderly or sedentary, such that a mild or even moderate degree of limitation to their exercise endurance may not be recognized. Without comprehensive assessment, mild limitation because of incomplete recovery would be difficult to recognize by the patient or the physician.
Despite only mild EMG consistent with mild MS in the majority of cases, there was functional and physiological impact on the patients. Patients with functional MS had larger left atrial volumes, and MV area was an independent predictor of exercise capacity. The physiological importance of EMG is further supported by the higher levels of BNP indicative of elevated intracardiac pressures, and higher pulmonary artery systolic pressures both at rest and at peak exercise, consistent with the presence of functional MS in these patients. The adverse impact of functional MS was further evidenced by the 
Implications for MV Repair
The present study showed a high prevalence of EMG after MV repair in patients with myxomatous changes involving >1 leaflet scallop. Although largely mild in severity, EMG clearly had physiological and functional significance. Furthermore, EMG can be more severe in some patients. Thus, avoiding EMG should be an objective of a successful MV repair.
The use of a complete ring was associated with a higher incidence of EMG, suggesting that a band or an incomplete ring should be considered and undersizing with an annular band should be avoided to reduce the risk of EMG. Minimizing the amount of mitral leaflet resection and leaflet plication may also be useful. It is interesting that EMG has also been described in patients who undergo restrictive annuloplasty for ischemic MR, highlighting that EMG can occur in the setting of an undersize annular ring without leaflet resection and may even be present with a properly sized ring. [23] [24] [25] [26] The mechanism of EMG in these patients requires further study. Obstruction can occur at the annulus and the leaflet level. 25 The placement of an annular ring not only alters the anteroposterior and transverse diameters of the annulus, but also limits the expansion of the annulus that is essential to the opening of MV orifice. 30 In patients after MV annuloplasty for ischemic MR, Kubota et al 25 observed a substantial difference between the calculated MV area using the continuity equation and the calculated geometric MV annular area (1.6±0.2 versus 3.3±0.5 cm 2 ; P<0.01), even though the MV leaflets were normal without thickening or commissural fusion. They proposed that MS in their patients was largely because of restricted diastolic leaflet excursion. This may also be the case in our patients whose posterior MV leaflet frequently showed restricted excursion. Geometric measures, such as the MV annular area, can be misleading and should not be used to assess stenosis severity because it does not take into consideration the flow properties. 31 Serial obstruction at both the MV annulus and the leaflets is plausible. Real-time 3-dimensional echocardiography seems to be a promising imaging modality in assessing the mechanism of EMG in these patients. 32 
Limitations
The patients were recruited from a large series of MV repair by a single surgeon with a recognized expertise in this procedure. 33 We enrolled patients with more severe myxomatous changes requiring more extensive tissue resection, which made up 60% of our MV repair population and may partly explain the high prevalence of EMG in the study. Future studies should include patients with limited focal MV involvement to have a better perspective of the prevalence of EMG in MV repair population as a whole. The surgical techniques used in the present study are widely used but have been evolving such that the use of an incomplete ring or band had become more common in the more recent cases. It is possible that our findings may not be applicable to other surgical centers, particularly if different techniques are used for MV repair. We included only ambulatory patients such that patients with severe EMG may be under-represented as they would be more likely to have heart failure and be hospitalized. Group 2 patients had higher resting heart rates, which may have contributed to the increased MV gradients. The MV area which is independent of heart rate was significantly different between the 2 groups. At peak exercise with similar heart rates in both groups, the MV gradients remained significantly higher in patients in group 2, indicating that the difference in resting heart rate likely had a small role in accounting for the differences in MV gradients between the 2 groups. It can be argued that the definition of EMG is too liberal, resulting in a high prevalence but this definition was based on the findings in matched controls and supported by the findings in studies on MV annuloplasty for ischemic MR. Furthermore, the validity of this definition was supported by the exercise data and the functional questionnaire, both of which showed that EMG with mitral diastolic gradient of >3 mm Hg had physiological and functional importance. Even with a more restrictive definition, such as mean mitral gradient of >5 mm Hg, 32 patients (29%) after MV repair would be considered to have EMG. The 6-minute walk test is a submaximal exercise test and provides a useful indication of functional capacity in patients with more advanced heart conditions, such as pulmonary hypertension and severe heart failure, but it is not an appropriate test to assess maximum exercise capacity in patients with less advanced diseases. 13, 14 The sample size was modest, and the findings may be the subject to type I and type II errors. Further studies to validate our findings will be beneficial.
Conclusions
After MV repair for degenerative MR, EMG can develop in many of these patients. The development of EMG has an adverse effect on the exercise mitral hemodynamics, exercise capacity, BNP levels, and the patient's perception of well being. Further refinement in the surgical technique, such as the avoidance of a complete ring, may decrease the incidence of EMG after MV repair.
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